Frozen-stress three-dimensional stress-analysis techniques were used in first phase of this investigation; the results of these tests were augmented later by fatigue tests and by metallographic inspection of cracked bolts by James D. Chalupnik A B s~c v ---T h e apparent geometric origin of fatigue fractures in oversize shank bolts is considered in this report. Bolt-nut interaction between the bolt and both a standard nut and a special nut are investigated. The "frozen stress" method of three-dimensional stress analysis was used to determine the magnitudes and locations of points of stress concentration in plastic models of both the oversize shank bolt and a standard bolt in combinations with standard and special nuts.
Introduction
F a t i g u e f r a c t u r e s were observed in the t h r e a dr u n o u t area of several of a certain-size h i g h -s t r e n g t h bolt. A l t h o u g h t h e bolts were p r e s u m e d to be loaded essentially i n shear, the f r a c t u r e h a d the app e a r a n c e of a low-cycle, high-load tensile fracture. T h e s i m i l a r i t y of f r a c t u r e s i n d i c a t e s a geometric origin of the fatigue cracks which led to u l t i m a t e loss of t h e bolts. T h e bolts were 5/1~ oversize s h a n k (~1/32 s h a n k d i a m e t e r ) t i t a n i u m -a l l o y (1 a l u m i n u m -8 v a n a d i u m -5 iron) b o l t s r a t e d at 200-ksi m i n i m u m u l t i m a t e tensile s t r e n g t h based on the pitch d i a m e t e r . N u t s used on all of the f r a c t u r e d bolts h a d a special t h r e a d design called the " E q u aStress" t h r e a d b y the m a n u f a c t u r e r (Elastic Stop N u t C o m p a n y ) . A t y p i c a l f r a c t u r e of one of the s u b j e c t bolts is s h o w n in Fig. 1 . F r a c t u r e s were n o r m a l l y observed in the bolt; however, it is a well k n o w n fact t h a t f a t i g u e perf o r m a n c e of a b o l t is largely d e p e n d e n t on the m a ting n u t used in t h e i n s t a l l a t i o n . T h i s is p a r t i c u l a r l y i m p o r t a n t in this i n s t a n c e , where the n u t is specifically i n t e n d e d to i m p r o v e fatigue p e r f o r m a n c e of a bolt.
A n u m b e r of q u e s t i o n s were raised as a result of these fractures. I n order to o b t a i n answers to as m a n y of the q u e s t i o n s as possible, a stress-analysis p r o g r a m of the b o l t design was initiated. F r o z e nstress t h r e e -d i m e n s i o n a l stress-analysis t e c h n i q u e s were used in the first phase of the i n v e s t i g a t i o n , a n d the results of these tests were a u g m e n t e d b y fatigue tests a n d b y m e t a l l o g r a p h i c i n s p e c t i o n of the cracked bolts in a later phase.
R e s u l t s of the t h r e e -d i m e n s i o n a l photoelastic stress analysis of t h e oversize s h a n k bolt with b o t h s t a n d a r d a n d special n u t s are c o m p a r e d to results for a standard bolt under the same conditions in this report.
Previous Work
Much has been written about screw fasteners and their applications but, even so, the volume of these reports is small when one considers the massive use of these devices in industry. Published reports of actual stress analysis of screw fasteners are few, no doubt due to the complicated geometry of the screw fastener. Because of the geometrical difficulties, many of the significant analyses of stresses in screw fasteners have been experimental in nature and, generally, they utilize photoelastic techniques.
An early attempt at a purely analytical solution of stress distributions in bolts and nuts was given by Stromeyer 1 and another was undertaken by Den Hartog. ~ These analyses are interesting and provide an insight into the loading of threaded parts in that they account in a qualitative way for the increase in thread loading from the top to the bottom of the nut. Both papers lack something in completeness, because the calculations are based on a thread elasticity which is calculated for a twodimensional thread, and must necessarily be in error, tt is true, however, that since the problem is one in elasticity, the shape of the load-distribution curve should be the same, and only the scale of magnitude would be changed by considering the more correct three-dimensional thread.
Typical early experimental investigations used two-dimensional photoelastic models; descriptions of these experimental investigations are given in the papers of Solakian, 3 Hall, 4 and Heywood. ~ Goodier ~ analyzed thread loads using the unique experimental technique of measuring the external displacements of a cylindrical nut and relating these displacements to the thread loads and stresses.
The results of all these investigations show essentially the same thing, that, in standard nuts, the first threads carry the largest portion of the load and thereby impose large stress concentrations in the bolt in this region. The two-dimensional photoelastic studies indicated that the area of highest stress concentration was located in the root area of the bolt threads, but there was disagreement as to the magnitude and even some uncertainty as to exactly which bolt thread carries the heaviest load.
Failure of two-dimensional photoelastic methods to yield useful data can be attributed to two causes: (1) the difficulty involved in accurately machining the two-dimensional screw threads, and (2) the basic inability of the two-dimensional model to duplicate the three-dimensional stress distribution existing in screw fasteners.
One of the first reports of three-dimensional stress analysis of threaded fasteners in given by Horger and BuckwalteV in a paper which also gives results of fatigue tests on several bolt-nut combinations. Not long thereafter, I-Iet$nyi 8 published a paper which contains in this author's opinion the most information available in one source about stress concentrations in nuts and bolts. Hetgnyi investigated the effect of six different nut designs on the stress distribution in bolts. This paper points out the importance of investigating the interaction of the nut and bolt in threaded fasteners and has particular significance in th~investigation outlined in this report.
The work of Het4nyi, and Horger and Buckwalter serves to demonstrate the usefulness of three-dimensional frozen-stress techniques in the investigation of stress distributions and stress concentrations in nut-bolt combinations.
Frozen Stress
A brief description of the frozen-stress method may be useful at this point. It is assumed that the reader is acquainted with the photoelastic phenomenon.
In frozen-stress investigation, advantage is taken of the two-phase nature of many birefringent materials. It is convenient to think of the material as being composed of a coarse lattice, the interspaces of which are filled with a viscous second phase. At room temperature, the viscous phase is essentially elastic; however, at elevated temperatures, its viscosity is greatly reduced and it flows freely under externally applied lo~ds: The first or lattice phase remains elastic to much higher temperatures and, consequently, carries all the load at higher temperatures.
When a model made of a material displaying this two-phase behavior is loaded and placed in an oven in which the temperature is raised sufficiently t~ permit the viscous phase to flow, the lattice phase assumes the total load-carrying role. If the temperature is then lowered while the load is still applied, the viscous phase will stiffen and "lock" or "freeze" the stresses in the lattice phase of the plastic. Plane sections removed from the mode] can be analyzed by conventional two-dimensional photoelastic stress-analysis techniques. Due to the approximate axial symmetry of nuts and bolts, diametral sections are well suited to photoelastic stress analysis and contain the important information pertaining to the stresses in the screw threads.
Scope of Investigation
It was desired to compare the oversize-shank bolt configuration with standard bolt configuration in applications with both the standard and the special nuts. Four combinations were required. Two stud bolts were manufactured, one with a standard and one with an oversize shank, and two standard and two special nuts were manufactured, one each for each bolt. All parts were machined from precast Hysol birefringent plastic.
The Hysol nuts and bolts were four times scale
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